Abstract Germinal centers (GC) are large aggregates of proliferating B lymphocytes within follicles of lymphoid tissue that form during adaptive immune responses. GCs are the source of long-lived B cells that form the basis for pathogen-specific lifelong B cell immunity. The complex architecture of these structures includes subdomains that differ significantly in their stromal cell and T lymphocyte subset composition. In part due to their structural complexity and potential to generate some lymphomas, much interest and many theories about GC dynamics have emerged. Here, we review recent research employing in vivo imaging that has begun to untangle some of the mysteries.
Introduction
The progressive increase in the affinity of antibodies following immunization, known as "affinity maturation," is a hallmark of adaptive immune responses. This process critically depends on the formation of organized aggregates of proliferating B and T cells known as germinal centers (GC) that emerge within B cell follicles during immune responses. Within this dynamic environment, GC B cells with higher affinities for foreign antigens are selectively expanded and instructed to differentiate into one of two lineages essential to persistent immunity: long-lived highaffinity antibody-forming cells (AFCs) and memory B cells. These events occur within complex microenvironments where less fit B cells may succumb to apoptotic cell death. In this way, GCs shape, magnify, and add permanence to the most effective B cells of the immune response.
These intriguing features of GCs have fueled decades of research and spawned much controversy. Until recently, however, insight into GC B cell dynamics had been largely shaped by notions of cell contacts perceived from histology images. In combination with cellular and molecular in vitro studies, a tremendous amount of information has been garnered. However, knowledge of temporal processes has been inherently limited by the static nature of these approaches and could only be investigated in dynamic mathematical models. In this regard, recent in vivo imaging studies of germinal centers are of particular interest. A combination of technical advances and novel analytic approaches to time-resolved imaging in vivo have empowered research into GC T and B cell movement within lymphoid tissue. Multiple studies have examined GC T and B cell behavior via two-photon laser scanning microscopy, a technique that allows the movement of fluorescently labeled cells to be followed through time and space within either intact excised tissue or living anesthetized mice. The visualization of GC B cells in vivo has shed light on some of the dynamic processes that had long been the subject of speculation and challenged some aspects of classical thinking. Although these reports generated important insights as the very first of their kind, they have raised many questions and spurred new interest in the unresolved elements of GC function.
GC architecture and historical background
GCs are large clusters of antigen-specific T and B cells that emerge within B cell follicles during productive immune responses. As the GC expands, non-responding B cells with a naive phenotype are peripherally displaced to form a crest around the GC referred to as the follicular mantle (Fig. 1) . The highly structured architecture of GCs is primarily comprised of two subdomains, the light zone and dark zone, a historical nomenclature based on their relative appearance in hematoxylin/eosin-stained tissue sections [21, 85, 91] . Within these environs, B cells responding to foreign proteins clonally expand while undergoing somatic hypermutation (SHM) of the immunoglobulin (Ig) gene segments that encode for antigen-specific B cell receptors (BCR) [59, 60] . The cellular "products" of germinal center reactions, long-lived memory B cells and plasma cells, express BCR that are typically isotype-switched and of high affinity for the eliciting antigen [39, 80, 81, 140] .
The complex architecture of established GCs is reproducibly oriented within B cell follicles (Fig. 1) .The light zone (LZ) is more proximal to the subcapsular sinus of lymph nodes or the marginal sinus enveloping the white pulp of spleens. The dark zone (DZ) is positioned between the GC LZ and the base of the follicle bordering with the T cell zone. Many of the proliferating B cells of a GC are found within the DZ, which is comprised of activated B cells that are dividing at a very rapid rate, among the fastest of any known cell type [3, 51, 55, 155] . Activation-induced cytidine deaminase (AID) drives a unique process of SHM of V regions of Ig genes (CDR) that can introduce amino acid substitutions in the antibodies produced [103] . SHM was thought to occur in the DZ because SHM is introduced during DNA replication, which is more evident in this compartment in tonsils [104, 120] . DZ B cells, also referred to as centroblasts, typically express lower levels of a variety of surface markers, including BCRs, giving this domain a more homogeneous appearance.
The LZ is distinguished by the presence of follicular dendritic cells (FDCs), the fine reticular processes of which form an extended mesh of dendrites that entirely comprise the stromal cell matrix in this region [86] . FDCs are not hematopoietically derived [57, 151] but are phenotypically and functionally distinct from other stromal cells within B cell follicles. In addition to elevated levels of the adhesion molecules VCAM-1 and ICAM-1 [11, 73] , FDCs also express high levels of complement receptors [23, 89] and the Fc receptor FcgRIIB [116] . Because FDCs retain antigen-antibody complexes on the cell surface and could serve as long-term depots of undegraded Ag and activated complement components [23, 70, 92, 137] , they have classically been considered an important site of antigen presentation to B cells.
Based in part on studies of human tonsils, a widely accepted view emerged of GC dynamics-promoting affinity maturation [91] . Because the most evident deposits of antigen are present on the surface of FDCs in the form of C3d tagged Ag in immune complexes, it has been largely presumed that antigen encounters occur within the LZ. On the other hand, that SHM is concomitant with DNA replication engendered the idea that mutation of BCRs must occur in the DZ where the bulk of proliferation is found in tonsilar GCs. This vision of GCs created a disconcerting functional split between zones that were physically separated. To reconcile the need for these sequential events to occur in separate zones, a migration model emerged termed "Cyclic Re-entry" in which GC B Fig. 1 Germinal center orientation and zones. a Cartoon of GC architecture within a B cell follicle; DZ (purple), LZ (red), OZ (yellow), FM (green). b Murine spleen obtained 12 days after i.p. immunization. An Ig H chain gene knockin strain that encodes for an anti-hapten specificity in~5% of B cells was immunized with NP-CGG prepared in alum. Staining for anti-IgD-AL488 (green) and anti-CD35-bi/SA-AL568 (red). c Lymph node section obtained 9 days after footpad immunization in complete Freunds adjuvant stained for anti-IgD-AL488 (green), PNA-bi/SA-AL568 (red), and anti-CD4-AL647 (blue) cells move from one zone to the other in order to achieve multiple rounds of proliferation and selection [64, 90, 96, 107] . In this model, GC B cells that had recently mutated and divided in the DZ migrate to the LZ where they compete for the acquisition of antigen and/or selective survival signals provided by direct contact with other cell types such as FDCs or a specialized T cell subset. B cells that have successfully survived this test were predicted to return to the DZ for another round of division and mutation.
A subset of CD4+ T helper cells known as T follicular helpers (Tfh) that supply key cytokines to GC B cells are primarily found within the LZ where they can often be present in great numbers, but can also be found distributed throughout the follicle mantle ( Fig. 1) [7, 69, 91] . Tfh can be distinguished from other cell subsets by a high level of expression of the molecules PD-1, ICOS, and the chemokine receptor CXCR5 [19, 67, 124, 153] , which is thought to mediate Tfh attraction to the LZ FDCs that are a known source of the chemokine CXCL13 [47] . Within the DZ, Tfh cells can also be observed at the periphery of the GC that borders with the follicular mantle, also known as the outer zone (OZ), but are rarely present in the DZ interior. A subset of Tfh has been shown previously to promote differentiation to AFCs, as well as cell proliferation and class-switch recombination (reviewed in [145] ). Thus, Tfh are not strictly confined to the LZ within GCs and may serve distinct purposes in different locations, a notion that is discussed more at length below.
The sites of GC B cell proliferation and AFC-promoting factors have historically been seen as indicators of potential function of each zone. In this regard, it is interesting to note that Ki67+ B cells in cell cycle are present in the LZ of both tonsils and murine LNs, indicating that proliferation can occur in both GC compartments [3, 21, 54, 55, 148] . In contrast to the DZ, however, smaller cells that are not actively cycling are more likely to be found in the LZ [54] . LZ B cells, often referred to as centrocytes, express higher surface levels of BCRs and elevated levels of a survivalpromoting factor, B cell lymphoma x (Bcl-x), than DZ B cells [75, 144] . Moreover, transcription factors associated with the development of antibody secreting cells, including IRF4, XBP, and BLIMP, have been observed at elevated levels in the nucleus of some LZ B cells in GCs of tonsils and murine spleen [5, 9, 26, 28, 71] . These observations coupled with the presence of rare B cells with acentric nuclei has led to the idea that differentiation toward longterm plasma cells occurs within the LZ [87] .
In addition to the prominent proliferation of GC B cells, apoptotic cell death is also quite evident, putatively resulting from a form of negative selection. It is thought that GC B cell death results from a failure to compete for limiting resources perhaps due to the expression of inadequate BCRs [50, 88] . Apoptotic cell bodies and their debris are primarily found within the phagosomes of tingible body macrophages [131, 135, 137] . This observation has led to the idea that dying GC B cells are rapidly engulfed by roving macrophages. Apoptotic cell bodies are predominantly found at the interface between the LZ and DZ, a region of finer FDC dendrites and where tingible body macrophages are most often located [54, 84] . However, apoptotic cells can be seen throughout GCs, in both the LZ and DZ [54] . It is unclear whether cell death is a passive process that results from neglect or an actively induced process. Reports of poor affinity maturation in CD95 (Fas) deficient mice are consistent with an active induction of B cell death [53, 139] ; however, not all studies are in agreement [50, 132] .
GC evolution and zonal segregation
The early GC developmental stages are still a bit of a mystery, in part due to the inscrutable nature of events prior to the detection of surface markers characteristic of GC B cells. Commonly accepted markers of GC B cells include a high level of expression of CD95 (Fas) on follicular B cells [93, 132] , a loss of IgD, and a gain in the ability to bind peanut agglutinin (PNA). Interestingly, expression patterns of the ecto-enzyme CD38 expression substantially differ in mice and man-whereas human naive B cells downregulate CD38 as they become GC B cells, the exact opposite is true with murine B cells [106] . During the early stages of GC development in T cell-dependent immune responses, prominent DZ formation precedes significant LZ expansion; large clusters of IgD lo PNA hi B cells beneath the FDC zone are readily apparent when PNA hi cells are still sparse within the FDC network [21, 148] . Activation of FDCs occurs around this time, which then display elevated levels of ICAM-1 and VCAM-1 [37] . As antigen-specific B cells more fully populate the FDC network, GCs take on a bilobed shape, an appearance that becomes less apparent at later stages of GC development.
The chemokine receptors CXCR5 and CXCR4 play an important role in the creation and maintenance of GC zones. LZ and DZ B cells express distinct chemokine receptors, which are required for proper zonal segregation [1] . DZ B cells have a higher level of CXCR4 expression than B cells found within the LZ. Moreover, CXCR4−/− GC B cells fail to populate the DZ of GCs in chimeric mice. Likewise, CXCR5−/− B cells were found to only reside in the DZ of GCs of chimeras, indicating that chemotaxis to the chemokines CXCL12 and CXCL13 is a critical component of GC zonal formation.
That one zone appears before the other suggests that GC compartments may form independently, or with different kinetics. This idea is further supported by the nature of GCs present during T cell-independent immune responses to antigens that are not proteinaceous. Such GCs emerge more rapidly, fail to expand PNA+ cells within the FDC network, and quickly abort at a point in time when the FDCs would mature and the LZ would typically expand [35, 42, 78, 143] .
The existence of distinct GC compartments effectively creates micro-climates that may foster unique forms of growth and differentiation. Resident cell types and the cytokines and chemokines they secrete are strong influences on lymphocyte activation, proliferation, and differentiation [1] . The segregation of GC cells into compartments with distinct cellular composition ensures that lymphocyte activation in one zone will occur in a molecular context that is different from the other. One could imagine that a restricted path of differentiation may be promoted when GC lymphocytes remain within one zone during sequential activation events, as lymphocytes would then continue to be exposed to the same molecular milieu.
The nature of selection
High-affinity antigen-specific B cells are nurtured and expanded within GCs, while B cells of lower affinity fail to thrive [17, 34, 50, 61, 127] . SHM results in the introduction of mutations that could either enhance, reduce, or even obliterate BCR binding to its cognate antigen ligand. Computer modeling studies have indicated that selection of B cells on the basis of their affinity for antigen must occur frequently and reiteratively to obtain the high replacement/ silent substitution ratios in the complementarity-determining regions of antibody. [72, 128, 129] . Events that favor GC B cells with higher-affinity BCR variants are predicted to occur on the order of every division in order to achieve the rates of affinity maturation that are observed.
Much has been learned from studies of transgenic mice that express BCR of defined affinities for model antigens. Such studies have revealed that B cells with low affinity are not a priori excluded from GCs if B cells of higher affinities are not present, but are rapidly supplanted by higheraffinity clones in competitive circumstances. The selective enrichment of higher-affinity B cell clones is evident even at the earliest stages of GC development; clonal diversity is rapidity reduced in young GCs that are not yet mature [34, 61, 127] . Murine GCs induced by immunization with model antigens are typically oligoclonal by the peak of the GC reaction [60, 76] .
The enrichment of higher-affinity GC B cells could theoretically be achieved by either a positive selection of meritable cells or the culling of unfit cells by an active elimination process. There is evidence to suggest that both forms of selection may be operating within GCs, and there are reasons why this would be desirable. A study of CD95-deficient mice suggest that the elimination of unwanted cells plays a role in shaping the GC repertoire via this death receptor family member, presumably mediated via CD95L expressed on GC T cells [139] . However, in the absence of CD95, clonal selection may be less efficient, but not eliminated, suggesting that the relative expansion of desirable cells can still occur even in the absence of negative selection [50, 132] . Due to the risk of generating autoimmune specificities as a result of SHM, the timely elimination of self-reactive B cell clones would seem to be a prudent mechanism to have in place [36, 50, 142] . Similarly, an impaired affinity maturation was observed in transgenic mice that constitutively express Bcl-xl, a protein that inhibit cell death and promotes survival [93, 138] . Thus, under conditions where all GC B cells survive irrespective of BCR "fitness," the degree of affinity maturation decreases but is not abolished, suggesting that prescribed cell death plays a key role in determining which B cell clones will prevail.
A number of mechanisms have been proposed to result in the enrichment of higher-affinity variants, all of them reliant on acquisition of cognate antigen by GC B cells: (1) assessment of the extent of BCR crosslinking or the resulting signal strength, an indicator of BCR affinity when antigen is limiting [4, 14, 77] ; (2) presentation of antigenderived peptide in MHC II to Tfh cells that provide prosurvival factors, an indication of a B cell's ability to acquire proteins that are complexed to their nominal antigen [2, 49, 98] ; (3) the elimination of B cells that fail to present antigen-derived peptide to T cells expressing CD95L (FasL) [53, 98] ; (4) competition for the limited space available on (follicular) DC cell bodies in order to derive survival signals dependent on sustained contact mediated by antigen recognition on its cell surface [66, 74, 79, 141] .
Although some of these potential modes of B cell selection are not mutually exclusive, they have inspired many migration theories and mathematical modeling [4, 38, 64-66, 90, 97, 98, 100, 101, 107] . A heightened interest in the mechanism of GC B cell selection provided the impetus to visualize directly the cellular contacts within the GC microenvironments that might lead to differentiation, death, or instead incite further proliferation. Through in vivo imaging, some of the concepts discussed above have now been put to the test and several unexpected features of GCs have been revealed in the process.
Technical limitations of imaging by two-photon laser scanning microscopy
After decades of inferring lymphocyte migratory behavior from static histology images, two-photon laser scanning microscopy arrived on the stage as a new champion, capable of visualizing the events we were once trying to guess at (reviewed in [20, 44, 133] ). Two-photon lasers differ from conventional lasers in several ways; they are tunable within a broad range of wavelengths (typically 750-1000 nm) and are pulsed lasers that emit photon packets that are short in duration (femtoseconds). Because of the inherently lower energy of long wavelength photons, fluorophores must absorb two (or more) photons for excitation. Moreover, it is only at the plane of focus that the density of photons is sufficient to allow for two photons to be absorbed simultaneously. As a result, all of the fluorescence that is emitted during two-photon laser scanning can be attributed to excitation at the plane of focus, unlike traditional confocal microscopy that elicits fluorescence above the plane of focus as well, reducing phototoxicity and improving resolution.
With the power to make movies of live B and T cells interacting and moving in the wild, so to speak, it would seem that answering questions about complex lymphocyte behavior should be no more difficult than playing the movies back to see what the cells do. However, as is often the case with new technologies, this is actually a much more difficult task than it would appear to those not directly involved in performing the experiments themselves. In truth, with current technology and for the foreseeable future, it is more like trying to reconstruct lymphocyte behavior from short video clippings, often taken from poor angles with much of the action taking place off screen.
To date, most published two-photon studies of leukocyte behavior have been based on observations of an hour or less. The reasons for this are mostly technical; longer imaging can result in tissue damage if the operator is not careful, and limitations in software and computing power can prevent the collection and analysis of larger data sets. However, many of the behaviors one might hope to elucidate take longer than an hour from beginning to end, complicating interpretation [15, 38] . Movies of limited duration can only observe a relatively small part of this process at a time. Similarly, there are limits to how much of the tissue can be imaged at one time. Two-photon microscopy generates three-dimensional movies by stacking multiple two-dimensional images taken at incremental depths. Each stack represents a "frame" in the movie. The X and Y dimensions of the frame are determined by a combination of the scanning parameters set at the beginning of the experiment and the objective on the microscope (and therefore differ between experiments and facilities). The Z dimension is even more limiting. While a reasonably good two-photon microscope can image to depths of 200 μm or more into a lymph node, it is not possible to generate a movie that makes use of this full range while still permitting tracking of individual cells. This is because the time interval between frames must be short enough to be able to accurately follow a moving cell from one to the next. In our experience, 20 s between frames permits accurate cell tracking. Therefore, the depth of the volume is limited by the number of images that can be captured in within this time period. Because of this, the imaged depth in the Z dimension cannot include an entire mature germinal center and the tissue volume to be imaged for a particular experiment must be chosen with a specific question in mind. While larger volumes could be imaged, this would be balanced by a loss in temporal resolution and the potential for inaccurate cell tracking.
The result of these limits on two-photon imaging is that many events are observed in pieces, rather than as a whole. While the ideal situation would be to follow individual cells right from the beginning to the end of a particular process, we instead must rely on disjointed observations of larger numbers of cells at different stages of the event to reconstruct the whole. Theoretical models of the event can be used to make predictions about what sort of behavior should be observed by certain numbers of cells at a particular time and place. However, there are several major issues to consider when interpreting cell tracking data. First, if the observation is too short or the imaging volume too small, much of the context in which the behavior occurs (e.g., if it follows cell division or interactions with another cell type) is lost. Second, basing conclusions on the behavior of a relatively large number of cells can mask rare but extremely important events. This is a particularly important point to keep in mind when considering rare selection events during affinity maturation, for example. Finally, only fluorescent cells or structures can be observed, while the rest of the surrounding tissue remains dark and uninformative. Therefore, while two-photon microscopy is, in many ways, a very large step forward compared with static histology for the study of lymphocyte activation, differentiation, and migration in lymphatic tissues, much like histology, it still can only produce snapshots of the whole process, and creativity must be used to identify the important pieces to reassemble the whole. A recent review discussing considerations in the analysis of cell tracking data can be found in Ref. [16] .
In vivo imaging insights into GC biology
The zonal structure of GCs makes them very suitable subjects for analysis by two-photon microscopy. It is therefore not a surprise that quite a number of papers have been published in the past 3 years that use this technique to address migration patterns of GC B and T cells in order to bring to light how this highly organized tissue structure supports the generation and selection of high-affinity BCR mutants. The initiation was made by three contemporane-ous papers, including one from our own group, which used slightly different experimental approaches but provided unique insights and perspectives on otherwise similar observations, as discussed below in detail [3, 55, 125] . As the very first of their kind, these papers generated a lot of excitement and provided a fertile ground for the work of others. While these papers investigated the migration of B cells within GCs, recent publications have focused on the immigration of naive B cells into GCs [43, 58, 111, 126] , deposition of antigen on FDCs [22, 113, 121] , B cell acquisition of antigen from FDCs [134] , apoptosis [154] , GC initiation [33] , and the role of Tfh cells [115] .
Pleomorphic GC B cells project cytosolic processes
In vivo imaging studies revealed an unexpected dynamism of GC B cells that are exceptionally variable in shape. Some cells displayed a highly polarized shape typical of cells moving under a strong chemotactic gradient, with a defined leading edge and long, narrow trailing uropod (Fig. 2) . Most motile cells did not adapt this morphology however. Both mobile and stationary GC B cells appeared to continuously probe their environment with dendrite-like structures, an appearance that may be more striking because of the abundant cytosol of GC B cells, which are very large (10-15 μm). The active extension and retraction of long membrane projections of GC B cells were observed in both the LZ and DZ. In contrast, naive B cells typically had a more rounded appearance with little membrane ruffling. In this regard, it is interesting to note that B cells of T celldependent GCs transcribe genes that are also known to regulate axon growth [152] .
GCs with permeable borders accept novel B cells
The remarkable paucity of naive B cells in GCs seen in tissue sections might seem to suggest that a physical barrier is present that enforces the segregation of responding and non-responding cell types. To the contrary, in vivo imaging studies indicate that GC boundaries are permeable and allow B cells that were not previously participating in the GC reaction to enter, particularly within the LZ [3, 55, 125] . Naive B cells can be seen to move into the GCs with great fluidity and seemingly without constraint, although the GC did not appear to be their preferred environment since they did not typically remain. In this way, "open" GCs allow access to all follicular B cells, but likewise permit cells that do not find the environment desirable to leave just as readily. In some cases, B cells that were adoptively transferred into recipients with ongoing GC reactions further proliferated within pre-existing GCs. This has been demonstrated using B cells with antigen specificities that could react with the original immunogen, as well as non-specific B cells that were stimulated with lipopolysaccharide (LPS) just prior to adoptive transfer [58, 125] .
The idea that novel B cells freshly emerging from the bone marrow can re-seed ineffective GCs has teleologic appeal. Mice with immune responses committed to a small number of B cell clones or to low-affinity BCRs antigen are ill fated. A limited BCR repertoire of long-term persisting AFCs and memory cells is less likely to protect against the pathogen that elicited the response and even less likely to quell variants of that pathogen. Therefore, a diverse yet efficacious collection of B cells is ideal, and any mechanisms that allow for an influx of B cells with higher affinity are prudent. Of course, the reverse is not desirable-new clones with poor affinities should not disproportionately populate or diminish the number of higher-affinity clones. It is well known that higher-affinity B cells will outcompete lower affinity clones that are present at the time of immunization, quickly prevailing in even young GCs. However, the dependence of GC initiation on what was perceived to be transient T cell help promoted the vision of GCs as functionally "closed" cages in which rival B cell clones compete.
Recent research by Nussenzweig and colleagues demonstrates that higher-affinity B cell clones that ingress GCs already well established can nevertheless preferentially expand and extensively populate both the DZ and LZ [126] . However, in situ expansion of newly arriving B cells only occurred when the transferred cells were of higher affinity than the pre-existing GC population. The requirement for a superior affinity indicates that the ability of a newly emerging specificity to dominate is not merely due to a delayed influx of fresh cells. Much like the introduction of new BCR variants created by somatic hypermutation, selective pressures must be in place to ensure enrichment of the most fit cells. Therefore, clonal dominance is not mediated by the physical exclusion of other clones, but is instead the result of a still incompletely defined process that preserves and expands B cell clones that are better fit. It is tempting to speculate that progeny of highly successful GCs could emigrate and enter GCs that had not yet succeeded in producing high-affinity B cells. However, there is no evidence to date demonstrating that B cells emigrating from one GC have the capacity to enter another GC in a separate follicle.
Freshly transferred B cells of a different specificity can participate in established GCs, but the kinetics are substantially delayed under such conditions [126] . This is because adoptively transferred B cells do not directly enter established GCs, but instead first collect at the follicle border with the adjacent T cell zone, a pattern that is typical of B cells during the earliest stages of primary activation. This result suggests that naive B cells must still be licensed by Th cells at the periphery of follicles in order to later participate in the GCs within the follicular interior, even when abundant numbers of Tfh are present within the GC environment itself. Two recent studies have shown that downregulation of the orphan G-protein-coupled receptor EBI2, a receptor mediating chemotaxis to an unknown ligand, is essential for movement of activated B cells from the outer follicle periphery into the follicle interior [43, 111] . B cells that overexpress EBI2 are unable to move back into the follicle interior to form GCs, despite successfully having undergone the appropriate activation steps at the T zone border [111] . Although EBI2-deficient B cells transferred into mice with established GCs of WT B cells migrate into the GC environment, they are restricted to the GC border with the follicular mantle, the GC outer zone [43] .
Although naive B cells were more often observed to enter GCs through the LZ, adoptively transferred LPS stimulated B cells exhibit a preference for the DZ of established GCs [58] . Although these non-specifically activated B cells were shown to divide in situ, they were largely confined to the DZ and could go on to dominate the population in that zone. LPS-treated B cells appeared to be attracted to each other, often pausing during homotypic contacts that, while brief (~4 min), lasted longer than those observed in co-transferred, untreated B cells [8, 40] . That most adoptively transferred LPS blasts within the DZ are short lived is compatible with the idea that LPS blasts have acquired a phenotype that confers a preference for the DZ environment, but are only enabled to divide a limited number of times. This is reminiscent of T cell-independent GCs that form with fast kinetics and have a "DZ only" appearance that lacks substantial expansion within the FDC network. T cell-independent GCs are typically elicited with immunogens that support strong BCR crosslinking, lack protein antigens, and contain TLR agonists. Such immunogens do not generate antigen-specific T cell help and elicit short-lived GCs that often involute within a few days [35, 42, 78, 143] , despite being comprised of B cells that proliferate substantially in situ initially. It should be noted that although Tfh cells are likely to be present within the LZ of the previously established GCs of the experimental system described above, these T cells are unlikely to have a TCR specificity that would allow them to make meaningful contacts with the transferred LPS blasts [35, 42, 78, 143] .
Contacts with follicular dendritic cells
Due to the retention of immune complexes and activated complement components on FDC processes, it was long thought that FDC served as a depot for Ag that could be presented on the cell surface in a less degraded format. FDCs are able to retain antigen for long periods of time [70, 92] in the form of C3d tagged Ag in immune complexes via their expression of Fc receptors [116] and the complement receptors CD21/35 [23, 89] . It is envisioned that the surface presentation of retained protein antigen would improve access to the epitopes that rely on secondary structure. Internalized protein antigens would instead be proteolytically degraded, destroying key epitopes that could provide enhanced protection against native viral and bacterial proteins. It has been suggested that the surface of FDCs may serve as a rigid platform of a multimeric array of antigens, thereby promoting stronger BCR ligation-derived signals than might be obtained with soluble antigen [13, 14] . In vivo imaging has demonstrated that antigen retained by FDCs can also be acquired by B cells and transported elsewhere [134] . FDC expression of the adhesion molecules ICAM and VCAM [37, 73] and factors that promote survival, such as sonic hedgehog [123] , further supported the view that BCR recognition of antigen on FDC cell surface could serve to positively select higher-affinity B cells via competition for access to retained antigen. That FDCs have been shown to reduce the spontaneously occurring apoptotic cell death of purified GC B cells in vitro lends support to this idea [74, 79, 110] . In this regard, it is interesting to note a recent study by Vinuesa and colleagues of Dock8 mutant mice that fail to form mature GCs and long-term B cell immunity although the short-term antibody response remained unaffected. This strain exhibits a defect in ICAM recruitment to BCR immunological synapses which were smaller than those of WT B cells, suggesting that sustained BCR synapses may be required for LZ expansion and the differentiation of memory B cells [117] .
However, there is evidence that suggests that the retention of immune complexes by FDCs is not required for normal GC formation, calling into question the role of antibody complexed antigen (reviewed in [48] ). However, whether the production of memory B cells and long-term plasma cells is compromised when antigen is not retained via FcR or complement receptors remains controversial [12, 29, 52] . Such studies fostered intrigue concerning the nature of GC B cell interactions with FDCs.
The tracking of GC B cell movement via in vivo imaging provided an assessment of contacts with FDCs for the first time. GC B cell contacts with FDC dendrites are transient; LZ B cells could be seen to fluidly glide along dendrites, occasionally pausing, seemingly scanning the surface [3, 125] . The brevity of these interactions might suggest that brief contacts with FDCs are sufficient to transfer retained antigen to GC B cells, potentially promoting BCR ligation and conferring enhanced survival. A study published by our own group, Hauser et al., observed clusters of GC B cells that appeared to be firmly attached to FDC cell bodies, although sustained attachments to dendrites were not apparent. These tethered B cells seemed to strain and pull against prolonged connections to FDC cell bodies in contacts that typically lasted longer than the 1-h imaging time period (Fig. 2) . Persistent B cell interactions with FDCs have also been observed in primary follicles shortly after immunization and prior to GC formation [134] . Which molecules might mediate such long-term cell contacts remains to be determined, as does the exact biological significance of them.
Stationary GC B cells that are not adjacent to fluorescently tagged cells were observed in one in vivo imaging report [55] . In Hauser et al., examples of GC B cells dwelling in one location on the order of 1 h are not uncommon; a time period is similar to the contact times reported for antigen-specific engagement of T cells with myeloid DC [94, 99] . In most cases, stationary cells continued to actively extend cytoplasmic extensions and were therefore alive. Non-motile cells were observed throughout the GC interior but were also prominently located at the peripheral margins of the GC (OZ). Stationary cells were also observed in the distal portion of the DZ nearest the T cell zone. Although it cannot be determined from this study whether stationary tracks represent B cells receiving positive or negative signals, the T-B border and OZ are likely arenas of extended interaction of GC B cells with other cell types. Due to technical limitations in the number of different fluorophores that can be detected at one time, simultaneous imaging of Tfh, GC B cells, FDCs, and the defining follicular mantle has not yet been reported. Nevertheless, the presence of animated stationary B cells that are not adjacent to FDCs may suggest that other cell types other than FDCs and Tfh may contact and influence GC B cell dynamics. Additional accessory cell types such as tingible body macrophages and a hematopoietically derived GC DC subset are also present within GCs and could theoretically regulate GC B cell behavior [46] .
Tfh cell contacts with GC B cells
It has been proposed that the primary role of GC T cells is to promote differentiation in the LZ [30] . Great numbers of Tfh cells can found in the LZ of GCs, a subset of which has been shown previously to promote differentiation to AFCs, as well as cell proliferation and class-switch recombination in vitro (reviewed in [145] ). Tfh secrete the cytokines IL-4 and IL-21 and express CD40L, molecules that are required for the full development and maintenance of mature GCs [24, 31, 119] . In mice that lack IL-4 or IL-21 or their receptors, GCs are either reduced or unapparent and the amount of serum IgG levels greatly reduced [105, 108, 146] .
However, reports of Tfh secretion profiles are not all in agreement, perhaps in part because the definition of a "Tfh" varied between investigations, sometimes defined solely on the basis of CXCR5 expression by T cells (reviewed in [145] ). A subset of human tonsillar Tfh cells found along the OZ can be distinguished from other apical LZ Tfh by an absence of expression of CD57. Although both CD57+ and CD57− Tfh subsets express CD40L by microarray analysis [68] , by one report only, the CD57− subset was found to harbor preformed cytoplasmic stores of CD40L that can be rapidly externalized from preformed intracellular stores after TCR-mediated stimulation [24] . It is intriguing that although the CD57− subset often comprises a significant fraction of Tfh in tonsilllar GCs, it is less capable of promoting Ab secretion in B cell co-cultures in vitro, despite having a greater capacity to secrete IL-4 [62, 68] . Moreover, a recent study that employed strains of mice that fluorescently reported IL-4 or γIFN expression indicates that T cells within the LZ are more likely to produce IL-4 in contrast to GC T cells at the base of the DZ that primarily produced γIFN [119] . This is a clear indication that not all Tfh are alike and perhaps should not be viewed as a single uniform subset, particularly irrespective of location [67] .
It has also been suggested that a primary role of Tfh is to promote the selection of higher-affinity BCR variants within the LZ, presumably by providing factors that encourage GC B cell survival [3, 24, 25, 98, 147] . Here it is envisioned that B cells with higher-affinity BCRs acquire more antigen and present greater amounts of proteolytically degraded protein antigen in the context of MHC II, enabling them to more effectively engage Tfh specific for the cognate antigen [136] . In this scenario, B cells that fail to present antigen-derived peptides recognizable by TCRs of Tfh cells might then be ignored and fail to thrive due to neglect. Although one role of Tfh is thought to be promotion of plasma cell differentiation, the rapid incorporation of the thymidine nucleotide BrdU by some LZ B cells raises the possibility that interactions with Tfh cells may promote proliferation instead, or in addition. In vitro studies demonstrating that CD40+ IL-4 prevented GC B cell death that occurs with BCR crosslinking suggest that T cell-derived factors in the GC milieu could impart survival to B cells otherwise prone to apoptosis [41, 83] . Moreover, sustained CD40 signaling in B cells inhibits AFC formation in vitro, suggesting that CD40 stimulation in the absence of AFC-promoting cytokines may instead elicit continued proliferation [118] . The ease with which GCs are disrupted with anti-CD40(L) reagents is also consistent with CD40-CD40L interactions during T-B contacts playing a critical role in the maintenance of a high proliferative rate [39, 49] , although other mechanisms of GC disruption have not been ruled out [45] .
A clue to the potential functions of Tfh cells comes from the in vivo imaging study of Allen et al., who reported rapid movement of specific T cells throughout the LZ, which slow down upon contact with GC B cells [3] . Despite the high density of T cells within the LZ, only a small percentage of GC B cells were observed in prolonged stable contact with T cells. Most of T-B contacts were very brief (<4 min), a length of time similar to non-specific interactions seen with non-cognate T-DC contacts. Fragments of B cells presumably resulting from normal apoptosis were found to be attached to T cells, suggesting to the authors that cell debris resulting from naturally occurring apoptosis would sterically hinder most B cells and promote competition for T cell interactions. These observations were interpreted as being consistent with the notion that positive selection of high-affinity GC B cells results from competition for Tfh cell surface contact within the LZ, even under conditions where the density of Tfh cells is great.
A recent imaging study by Germain and colleagues of mice deficient in SAP have greatly enhanced our understanding of the factors that promote GC retention of Tfh [115] . SAP is an intracellular adaptor protein that modulates TCR signaling, and in its absence, GC development is profoundly compromised [102] . The defect in GC promotion is particularly intriguing given that the early activation steps of SAP−/− T cells and engagement with antigen presenting DCs appear unaffected in vivo. SAP−/− T cells could enter into B cell follicles and acquire a Tfh phenotype comparable with SAP+/+ T cells. However, SAP−/− T cells displayed a reduced capacity to form long-lasting contacts with antigen-specific B cells during early stages of the immune response. Although SAP−/− T cells formed T-B conjugates of shorter duration that were nevertheless longer than would be expected of non-specific interactions, B contacts with SAP−/− T cells were insufficient to produce GC B cells. Intravital imaging experiments of mice that had received an adoptive transfer of both SAP sufficient and deficient T cells revealed significant differences in their migration patterns. Consistent with previous observations that GCs do not physically exclude non-participating cells from entering, both SAP+/+ and SAP−/− T cells could enter GCs. However, SAP−/− T cells tended to turn away from GC boundaries and remain outside the GC, while SAP+/+ T cells demonstrated a preference to remain within GCs. Elegant bone marrow chimera experiments demonstrated that the retention of T cells within the GC boundaries was dependent on the capacity of GC B cells to present cognate antigen. These results indicate that cognate T-B interactions are required to retain T cells within the LZ, and by extension, that failure to do so prevents the maintenance of fully mature GCs. Moreover, it suggests that productive encounters with GC B cells program Tfh cells to alter their migratory propensities, presumably the result of as yet unappreciated phenotypic changes. Finally, this study further suggests the environment containing LZ GC B cells is perceived to be different from the surrounding follicle mantle by such Tfh, despite the fact that FDC dendrites typically extend beyond LZ GC borders.
T cells within GCs have also been previously proposed to deliver negative signals via CD95/CD95L interactions that induce apoptosis [56, 139] . GC B cell apoptotic cell death is clearly evident in tissue sections and cellular debris is apparent in some in vivo movies, supporting the view that GC B cell death plays a prominent role in shaping the B cell repertoire [2, 50, 88] . The spontaneous apoptosis of GC B cells in vitro has been shown to involve the death receptor signaling pathway [56] . Immunized CD95-deficient mice have increased numbers of B cells with lower affinity and a reduced affinity maturation of serum antibodies [53, 139] . The high levels of CD95 expression by GC B cells and CD95L by Tfh cells makes this molecular interaction feasible, although the uniform expression by all B cells should call into question how selectivity could be imposed. It has been suggested that T cells that interact with multiple B cells at the same time might polarize toward the B cell with the highest density of pMHC presentation, selectively killing the others via a FasL-mediated signal [98] . The extent to which CD95-mediated negative selection against B cells with poor BCR affinity could function as the sole means to affinity maturation is controversial [50, 132] .
However, CD95L-mediated B cell death remains the only identified mechanism to date for the active elimination of newly emerging self-reactive clones. It seems unlikely that the predominantly brief interactions between Tfh and GC B cells would result in cell death since the high density of T cells within the LZ could result in frequent CD95 ligation. It is unclear whether apoptosis requires a lengthy CD95 crosslinking, which could be achieved during the more sustained T cell contacts occasionally observed in vivo. In this regard, it is interesting to note that lytic death of a B cell tumor in vivo incited by cytotoxic CD8+ T cells required only an average of 17 min of contact time and was preceded by a stage of active conjugate motility with only brief arrest prior to overt signs of death [95] .
Migration patterns of GC B cells
Three contemporaneous imaging studies, including one from our own group, examined the migration patterns of GC B cells in vivo [3, 55, 125] . Each of these studies queried the rate of GC B cell movement between zones, a migration pattern predicted by the cyclic reentry migration model [64, 90, 107] . All three studies employed the adoptive transfer of antigen-specific B cells that express GFP as well as fluorescently tagged naive B cells to highlight the boundaries of B cell follicles. In order to define B cell migration patterns and the timing of cellular contacts within distinguishable GC zones, the FDC networks were highlighted by the injection of either fluorophore-conjugated antibodies against FDC-M1 [125] , Fabs against CD35 [55] , or phycoerythrin-containing immune complexes [3] . Hauser et al. and Schwickert et al. used intravital microscopy in the popliteal and inguinal lymph node. Most of the time-lapse movies in the publication by Allen et al. were done in explanted lymph nodes.
In the classical version of the cyclic reentry migration model discussed above, it is envisioned that DZ B cells that have recently undergone SHM and DNA replication move to the LZ in order to acquire antigen from FDC membranebound deposits and selective survival signals. This vision, coupled with a perceived need for selection of higher-affinity B cells between every round of division [72, 129] , predicted that GC B cell movement between zones would occur frequently. However, a relatively low percentage of cell tracks were found to cross the LZ/DZ interface in each of these reports, which ranged from 5% to 8% per hour to 13% per hour. Different conclusions were drawn about whether this rate of exchange between zones was sufficient to remain consistent with the cyclic reentry model. Two of these reports concluded that the observed frequency and bidirectional nature of the zonal interchange was compatible with the cyclic reentry model [3, 125] . By contrast, Hauser et al. concluded that the rate of interzonal crossing was insufficient to allow for movement between zones and back again between every B cell division, as prescribed by the classical cyclic reentry model However, neither the Allen et al. nor Schwickert et al. analyses stipulated that positive selection within the light zone must occur between each division in the dark zone, which might account for the differing interpretation of otherwise comparable results. The observed transzone migration rates in all of the studies are consistent with a cyclic re-entry model in which movement between zones after every division is not strictly imposed.
The frequency of interzonal cell migration proscribed by the cyclic reentry model is a function of the rate of GC B cell division, the estimates of which differ substantially. Although a variety of technical approaches have been used to determine cell division rates, a common approach assesses the ability of cells to take up the thymidine analog, BrdU. Cells which are in S phase of the cell cycle incorporate BrdU into the newly synthesized DNA strand as long as the nucleotide analog is available in the extracellular environment. A brief exposure to BrdU in vivo is ideal in order to deliver in a tight "pulse" of BrdU to the cells. By staining cells with DAPI or Hoechst to quantify total DNA content by flow cytometry, the rate at which cells progress through the cell cycle can be determined at the population level. Using this approach, the estimations of the division rate of GC B cells range from every 6 to 12 h [3, 55] . Based on this range of cell cycle times, a computational simulation of the classical cyclic re-entry model estimated the fraction of cells expected to cross the dark zone-light zone interface to be significantly greater than the amount observed with in vivo imaging. The infrequent movement of B cells between GC zones could remain consistent with a modified version of the cyclic reentry model in which multiple rounds of division without selection within the DZ are coupled with less frequent visits to LZ selection. However, this model is less favored because it would be more difficult to account for the efficiency of affinity maturation and R-mutation enrichment achieved by the GC B cells if the requirement for selection at every division were relaxed [32, 122, 149] .
The migration patterns of GC B cells reported by Hauser et al. appear to instead reflect predominantly intrazonal movement. GC B cells were observed turning back to their respective zone. Moreover, the cell tracks at the DZ-LZ interface moved mainly parallel to, and not perpendicular to this interface which otherwise would have been predicted if migration between zones was strictly required. The proposed "intrazonal circulation" model does not exclude occasional movement of B cells between functionally independent zones, but does not rely on it for successive rounds of mutation and selection within a zone. The observation reported by Kehrl and colleagues that adoptively transferred B cells stimulated with LPS preferentially remain within the DZ of established GCs is consistent with the idea that motile GC B cells may display a preference to remain within one zone [58] .
Support for GC zonal independence
Several lines of evidence suggest that at least some functional aspects of GC compartments can be segregated. A study of a strain of mice with a CD19 signaling defect concluded that proliferation within the LZ and DZ are initiated and regulated by different mechanisms [148] . Likewise, poor LZ formation of T cellindependent GCs in WT mice despite the continued proliferation of DZ B cells over the course of several days indicates that migration to the LZ is not necessary for every round of division within the DZ [35, 42, 78, 143] . In addition to dynamic in vivo data, the early expansion of the DZ relative to the LZ compartment during T celldependent responses implies that the progression of one is not wholly contingent on the other [21, 148] . Finally, the relative size of the two zones is rarely comparable within mature GCs. Neither of these compartments is invariably larger than the other, a feature of GC development that is consistent with at least some elements of intrazonal dynamics being independent of one another.
B cells within the LZ are thought to be undergoing either some form of competitive selection for higher-affinity variants or programmatic differentiation. As we discuss further below, all the cell types that have been proposed to control the next round of division, such as T cells and GC DC subsets as well as FDCs, exist within the basal LZ, apical region, or OZ. In murine GCs, B cells that have incorporated BrdU during very brief exposures to injected antigen can be found throughout the LZ [3, 55] . In the LZ of tonsils, Ki67+ B cells are also more likely to be found in the OZ [54] , a region that harbors a phenotypically distinct Tfh population and AID-expressing B cells [27] . It remains unknown whether the proliferation observed at the OZ is linked to higher rates of SHM, but if it were, all the same potential modes of selection would also be present in this region. Ongoing proliferation within the LZ of LNs does not conflict with the idea that this region may also guide differentiation toward long-term AFCs as several rounds of division may be required for plasma cell formation [6] .
All the previously proposed mechanisms for selection also remain available to DZ B cells and could occur between each division. The IgD+ follicular mantle around murine GCs is often very thin, and at times even nonexistent, at the DZ base adjacent to the T zone, a site well known for the initiation of T-dependent B cell responses. This border with the T cell zone is a location rich in activated T cells and dendritic cells during T-dependent responses and could serve as an alternative site for proliferative signals (Fig. 3) . Even at later stages of immune responses when GCs are fully mature, cytokine-producing CD4+ T cells can be found at this interface [119] . The directed movement of DZ B cells to and from the base of the DZ abutting the T zone border is consistent with this region playing a role in sustaining DZ homeostasis [55] . DZ B cells could be observed to form contacts lasting longer than 10 min with unknown cell types that were not fluorescently labeled at the DZ/T zone border. Thus, interactions with other cell types proposed to promote B cell proliferation and differentiation are available within the DZ arena.
Although FDCs do not exist within the DZ, myeloid DCs at the DZ periphery as well as the T zone border are theoretically capable of providing similar proliferative and survival signals. DCs have previously been shown to promote the proliferation and sustained survival of B cells [10, 82] . During intravital imaging, DCs adjacent to paracortical sinuses have been shown to retain undegraded protein antigen non-specifically and incite Ca++ flux within specific B cells upon contact, presumably the result of BCR crosslinking [114] . Likewise, antigen complexed with specific Ig can be taken up by DCs in a non-degradative pathway via FcgRIIB and subsequently re-expressed at the DC surface. Such a mode of Ag acquisition and presentation to B cells has been shown to be sufficient to promote B cell proliferation in vitro [18, 150] . Naturally occurring components of viral and bacterial pathogens constitute highly multivalent antigenic arrays that, like anti-IgM stimulation in vitro, could allow for activation via BCR crosslinking. Intravital imaging studies have shown that larger particulate antigens, such as inert beads, intact viruses, or immune complexes, are initially excluded from follicles during the earliest stages of antigen exposure, but can be shuttled across the subcapsular sinus of LNs by macrophages that line this sinus [22, 63, 112] . However, particulate antigens primarily filter through larger sinuses that pass through interfollicular regions to paracortical high endothelial venules. Although these reports illustrate how antigen is shepherded during the very earliest antigen exposures, uptake and transport to other locations by accessory cells such as myeloid DCs does occur in some circumstances [10] . These reports, coupled with the presence of CD11c+ DCs at the DZ base, suggests a potential mechanism for the presentation of intact protein antigens on the surface of an accessory cell.
However, it is important to keep in mind that recognition of antigen in the context of an accessory cell is not strictly required for B cell activation. As discussed above, competition for T cell help is one of the proposed mechanisms that may selectively encourage the proliferation or survival of higher-affinity B cells. DZ B cells that have acquired soluble antigen, chronically released by FDCs or shed or secreted by pathogens, could process internalized antigen and present peptide determinants in the context of MHC II to stimulatory T cells. In vivo imaging studies have demonstrated that small molecular complexes can permeate and very rapidly disseminate throughout the follicle interior via thin conduits that extend directly from sinuses or possibly via small gaps between cells lining sinuses that transport afferent lymph [109, 121] . These studies and others clearly demonstrated that B cell access to such soluble antigens and internalization can occur immediately upon antigen arrival in follicles, and by extension could do so with soluble antigens disseminated by other means at later stages in the immune response.
It is possible that retention within a zone may be mediated by unique features in the extracellular and stromal cell matrix, an idea that is supported by some GC features. The stromal cell subset within the DZ is phenotypically distinct, expressing less VCAM-1 and ICAM-1. Although adhesion via integrins is not essential for locomotion through lymphoid tissue [40] , this difference in adhesion molecule expression might suggest that DZ and LZ stromal cells differ in other molecules influencing migratory dispositions, analogous to the retention of resting T cells within the T cell zone [8] . Predispositions to respond to zonal differences in chemokines could also promote the retention of GC B cells within a zone. LZ and DZ B cells differ in the expression of CXCR5 and CXCR4, chemokine receptors that have been shown to be critically required for the proper organization of GC B cells into distinct zones [1] .
It is tempting to speculate that different types of B cells might emerge from each zone, but there is insufficient evidence to support such an idea. Due to the presence of AFC-promoting transcription factors within the LZ of tonsillar GCs, it seems natural to suggest that development of long-term AFCs occurs within that compartment. It is conceivable that events within the LZ may be directly responsible for producing both cell types. Some features of DZ B cells lend credence to the idea that this compartment could produce memory B cells. The higher density of actively proliferating B cells is suggestive of a greater potential for self-renewal in situ, perhaps an environment that might foster the development of memory B cells that retain an ability to self-renew when pathogens are encountered later in life. The observation of B cells exiting follicles via a cortical sinus close to the base of the follicle seems compatible with the notion of a more proximal DZ exporting a cellular "product" [130] . However, the behavior of B cells of either zone immediately after division is yet to be determined. Similarly, nothing is known about the exact route of B cell exit and the zonal origins of B cells that egress.
Conclusions
The utilization of two-photon microscopy in order to explore GCs in vivo has undoubtedly led to a boost of research in this field. Many unexpected features have been revealed that have contributed significantly to our understanding of the GC reaction through the application of this technology. Despite these advances in the field, there are still many important open questions. Although some elements of the cellular interactions between cell types within GCs have now been visualized, it is yet to be determined which events definitively control the positive selection and enrichment of GC B cells with higher-affinity BCR. Further insights into the cellular and molecular interactions that regulate GC B cell behavior are much needed in order to deepen our understanding of lymphomagenesis and autoimmunity as well. The intravital imaging studies described above used adoptively transferred cells that express fluorescent proteins throughout the cytosol, an approach that permits the visualization of a cell in its entirety and tracking of its movements through an otherwise dark tissue volume. More mechanistic experimental approaches will be aided by the generation of murine strains of mice that express fluorescent fusion proteins. This would greatly enhance our ability to observe events on a sub-cellular level and more effectively query key molecular interactions. The ability to image over extended time periods in combination with the generation of an increasing variety of fluorescent reporter mice will likewise empower future studies to determine functional consequences and potential differences of location-specific or cytokine-specific interactions. Beyond data acquisition, the development of more standardized, automated approaches for analysis will help to extract the important pieces from the complexity of information generated by time-resolved intravital imaging. Altogether, this will further refine our knowledge on GCs and provide greater insight into the dynamics and mechanisms that form the basis of these fascinating structures.
